Type 2 diabetes mellitus is becoming increasingly prevalent worldwide, and has become one of the greatest threats to global health. Bariatric surgery was initially designed to achieve weight loss, and subsequently was noted to induce improvements or remission of type 2 diabetes. Currently, these bariatric operations, such as Roux-en-Y gastric bypass and sleeve gastrectomy, are the most effective procedures for the treatment of obesity and type 2 diabetes mellitus worldwide. However, the specific mechanism mediating the beneficial effects of metabolic surgery has remained largely unknown. Those mechanical explanations, such as restriction and malabsorption, are challenged by accumulating evidence from human and animal models of these procedures, which points to the weightindependent factors, such as hormones, bile acids, gut microbiota, nervous system and other potential underlying mechanisms. A growing body of evidence suggests that gut microbiota are associated with the development of several metabolic disorders, and bile acids and FXR signaling are important for the metabolic benefits of bariatric surgery. Given the close relationship between bacteria and bile acids, it is reasonable to propose that microbiota-bile acid interactions play a role in the mechanisms underlying the effects of metabolic surgery.
INTRODUCTION
Obesity is becoming increasingly prevalent worldwide, and has become the most common metabolic disease 1 . In 2014, nearly 2 billion people were overweight, and more than 600 million of these individuals were obese 2 . The prevalence of obesity among USA adults was >33% from 2011 to 2014 3 . Being overweight is a major risk factor for public health, as it is related to the incidence of several comorbidities, including type 2 diabetes mellitus, heart disease, stroke and certain types of cancer 4 . Additionally, obesity is generally considered to be a strong risk factor for diabetes 5 . Thus, the growing worldwide prevalence of type 2 diabetes mellitus, which is the most common type of diabetes, is associated with an increasing number of overweight and obese individuals 6 . In 2015, an estimated 415 million individuals had diabetes; this is predicted to increase to 642 million by 2040 6 . A systematic literature review showed that the obesity prevalence of adult patients with type 2 diabetes mellitus was >30% in most observational studies from different regions in the world; it even exceeded 50% in some studies. Furthermore, in Asia, the prevalence rate was reported to reach 56.1% 7 . Diabetes has become one of the greatest threats to global health, and imposes a considerable economic burden on both individuals and countries 6 . Bariatric surgery was initially applied to the treatment of morbid obesity >60 years ago 8 . The procedure was originally designed to achieve and sustain weight loss, and it was subsequently noted to induce improvements in glucose regulation 9, 10 . In both short-and long-term trials, clinical studies have shown that bariatric surgery results in substantial weight loss and either improvement or remission of type 2 diabetes mellitus [11] [12] [13] . As clinical data were accumulated, some versions of these procedures were ultimately abandoned because of complications related to the surgery. Currently, Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG) are two of the most popular types of bariatric surgeries applied in the treatment of obesity and type 2 diabetes worldwide 14 .
The surgery itself has led to the mechanical hypothesis that bariatric operations generally induce weight loss by restricting the stomach size and/or bypassing some of the intestine to cause nutrient malabsorption. However, remission of type 2 diabetes mellitus has been observed after gastric bypass before the occurrence of significant weight reduction, showing that the glucose improvement resulting from metabolic operations occurs not only because of weight loss, but also due to weightindependent factors, such as gut hormones, bile acids, gut microbiota, nervous system and other potential underlying mechanisms [15] [16] [17] [18] . To date, the specific mechanism mediating the beneficial effects of metabolic surgery have remained largely unknown. Recent findings have suggested that gut microbiota could regulate host energy metabolism, and that altered intestinal flora contribute to the development of several metabolic disorders 19 . Furthermore, it is known that bacteria also play an important role in the synthesis and metabolism of bile acids, and one study has shown that bile acids are an important contributor to glucose improvement 20 . Thus, the question arises whether the gut microbiota, bile acids or their interactions play a role in the beneficial effects induced by bariatric surgery on host energy metabolism.
The present review aims to summarize the present knowledge of the impacts of bariatric surgery on the host intestinal microbiota, bile acids and the cross-talk between them, and to discuss further potential contributions to the metabolic effects of weight-loss surgery on obesity and type 2 diabetes mellitus.
ROLE OF GUT MICROBIOTA IN BARIATRIC SURGERY
Numerous micro-organisms exist on the surface of the skin and mucosal linings in the human body. The human intestinal tract is colonized by a unique collection of microbes, termed the human gut microbiota, which include more than 3 million non-redundant microbial genes, exceeding the number of genes in the human genome by approximately 150-fold 21 . Gut microbiota can affect various aspects of host metabolism, such as energy biogenesis, biosynthesis of steroid hormones and bile salt metabolism. Given the large number and varied functions of intestinal microbes, it should not be surprising that they contribute to the incidence of several diseases, including metabolic diseases 22 . Accumulating data suggest that alterations in gut microbiota are associated with obesity and diabetes, which has been attributed to an increased energy-harvesting capacity from the diet 23 . Accordingly, modified gut microbes can improve such metabolic disorders. This is supported by a study that showed that an oral infusion of intestinal microbiota from lean donors to mice with metabolic syndrome can result in a temporary improvement of insulin sensitivity, showing a correlation between gut microbiota and host glucose metabolism 24 . Bariatric surgery has been found to induce weight loss and improve glucose metabolism, but whether it causes specific alterations in the intestinal microbiota profile that contribute to improvement in metabolic disorders remains unknown. Based on a direct comparison of patients pre-and post-surgery, a recent study showed that in addition to weight reduction and glucose improvement, alterations in gut microbiota, including increased diversity and altered composition, were observed within 3 months of RYGB in morbidly obese patients. Furthermore, more than half of the altered species were maintained in relative abundance over a long-term follow-up period, indicating that bariatric surgery could result in rapid and sustained shifts in the gut microbiome of an individual 25 . Furthermore, compared with individuals of normal weight or with morbid obesity, obese patients who had undergone RYGB at least 6 months prior also had a substantially restructured gut microbial makeup 26 . These findings clearly show that bariatric surgery alters the intestinal community. It has been reported that bodyweight reduction caused by lifestyle interventions, such as caloric restriction, are also correlated with alterations in gut microbiota 27 . However, Damms-Machado et al. 28 found that bariatric surgery, rather than a low-calorie diet, could reverse the gut microbe profile in obese individuals towards a phenotype similar to that found in normal individuals.
Phylogenetic analysis showed that gut microbiota from human stool samples primarily contained six bacterial phyla: Bacteroidetes, Firmicutes, Proteobacteia, Actinobacteria, Fusobacteria and Verrucomicrobia 26 . Another study 29 using metagenomic sequencing showed they were chiefly assigned to seven phyla, adding Cyanobacteria to the aforementioned six phyla. At the phylum level, compared with those at baseline or in non-operated controls, human intestinal bacterial alterations in obese individuals after RYGB included a significantly increased abundance of Proteobacteria and Bacteroidetes, and decreased Firmicutes 25, 26, [28] [29] [30] [31] . These findings were largely in accord with studies in rodents, but there were similar changes in the relative abundance of Firmicutes among groups of individuals with dietary restriction or RYGB 32 . Furthermore, the Bacteroidetes-to-Firmicutes ratio was reported to be increased after weight-loss surgery 28 . By contrast, another study showed that the abundance of Bacteroidetes was decreased after RYGB 29 . At the species level, Palleja et al. 25 reported that compared with samples obtained pre-surgery, up to 19 species showed a changed relative abundance at 1 year post-RYGB surgery, which included dramatically increased Escherichia coli, Klebsiella pneumoniae, Veillonella dispar and Veillonella parvula. In that study, the authors also observed that there was no significant difference in species abundance between the first 3 months and 1 year post-procedure, providing the evidence that the restructuring of the intestinal microbial community occurred as early as 3 months after the procedure 25 . In contrast to RYGB, laparoscopic sleeve gastrectomy decreased the relative abundance of Eubacterium rectale, Bacteroides vulgatus, Bacteroides sp.3_1_40A, Coprococcus comes, Ruminococcus obeum, Dorea longicatena, Lachnospiraceae bact.5_1_63FAA and Clostridium sp. L2_50 in obese individuals compared with the effects of dietary intervention 28 .
Bariatric surgery can change the intestinal micro-organism pattern in response to gastric restriction or rearrangement of the intestinal tract induced by SG or RYGB. For example, reduced gastric acid secretion can produce an increase in pH in the downstream digestive tract, particularly in the colon. Consequently, altered nutrient presentation resulting from an incompletely digested diet that enters the downstream gut after both procedures could alter the gut environment and affect the composition of the intestinal bacteria. Many differences exist between these two types of procedures. So, are the alterations in the gut microbiota after the two procedures similar or different? Murphy et al. 33 investigated changes in intestinal microbes after laparoscopic-RYGB or -SG by metagenomic sequencing in diabetes patients with obesity, and they observed that RYGB induced decreased Bacteroidetes, but increased Firmicutes and Actinobacteria. By contrast, SG produced increased Bacteroidetes. At the species level, only increased Roseburia intestinalis, a species belonging to the Firmicutes phylum, was common to these two types of surgery in patients with diabetes who were in remission. These results were surprising. First, after RYGB, alterations in gut microbiota were different from the findings mentioned above. Second, sleeve gastrectomy had fewer effects on the intestinal microbiota than RYGB, consistent with another study carried out in rodents 34 . One possible reason for this difference is that, compared with RYGB, SG induces relatively mild physical manipulations of the intestinal tract.
Taken together, these data show that bariatric surgery, especially RYGB, could induce rapid and sustained alterations of the individual gut microbiome in obese individuals. These observations raise the question of whether these alterations in intestinal flora contribute to the metabolic improvements that occur after metabolic surgery. In rodents, Liou et al. 32 showed that germ-free mice that were administered fecal preparations from RYGB-treated mice exhibited lower bodyweight than germ-free mice that received bacterial transplants from shamoperated mice. This shows that the changed profile in the distal gut microbiota is a driver of weight loss after RYGB surgery. Furthermore, transplantation of fecal preparations from RYGBoperated obese patients to germ-free mice induced fat mass loss, indicating that an altered gut microbiome after RYGB might play a role in reducing adiposity after bariatric surgery 31 . Based on these data, it is difficult to conclude that gut bacteria are essential for the effects of RYGB, but we can conclude that changes in gut microbiota induced by RYGB are sufficient to produce weight loss.
ROLE OF BILE ACIDS IN BARIATRIC SURGERY
Bile acids are a host of steroid molecules that can be synthesized from cholesterol in the liver, conjugated to taurine or glycine to enhance water solubility, secreted into the bile and discharged into the duodenum after a meal where they act as surfactants to facilitate lipid ingestion 35 . These molecules are then efficiently (i.e., >95%) reabsorbed by both active transport in the terminal ileum and passive absorption in the colon. The molecules are then further recirculated to the liver through portal vein blood. This process is known as enterohepatic circulation (Figure 1) .
It has been reported that serum bile acids levels are significantly increased in obese patients 2-4 years after gastric bypass surgery compared with the levels in weight-matched individuals. Furthermore, these levels are negatively correlated that bile acids might be associated with improved glucose and lipid metabolism after metabolic surgery 36 . Another study showed that vertical sleeve gastrectomy (VSG) also increased the level of circulating serum bile acids as well as levels of conjugated and unconjugated BAs independent of energy restriction in obese patients with diabetes 37 . Therefore, these data suggest that in humans, both RYGB and VSG can result in increased circulating levels of BA, which are strongly correlated with metabolic improvements. This finding is also supported by experiments carried out in rodents 38, 39 . Both the RYGB and VSG procedures physically change the upper gastrointestinal tract, likely impacting bile acid enterohepatic circulation and increasing bile acid levels, which can contribute to the metabolic effects observed after operations.
Bile acids can play roles in several metabolic processes, particularly glucose and energy metabolism 40 . Flynn et al. 41 used diet-induced obesity mouse models and carried out biliary diversions from the gallbladder directly to the duodenum, jejunum or ileum (GB-IL) to match the altered bile delivery in the intestine caused by the RYGB. Compared with other biliary operations, GB-IL induced the most substantial reduction in bodyweight, and improvement in lipid and glucose metabolism, similar to RYGB. That study showed that bile acids can exert beneficial effects on metabolic disorders independently of surgical manipulation of intestinal continuity. Additionally, it was observed that serum bile acid levels were significantly elevated in GB-IL mice, but were not notably different in the bile diversion to the duodenum or bile diversion to the jejunum cohorts compared with the levels in mice with diet-induced obesity, showing that bile acids can primarily play a functional role in the hindgut 41 . The role of bile acids in glucose metabolism is also supported by the clinical use of bile acid-binding resins, which can improve blood glucose in patients with type 2 diabetes 42 . Based on these data, it is difficult to conclude whether bile acids contribute to the effects of RYGB, but it is clear that bile diversion could be sufficient to result in weight loss, and improved glucose and lipid metabolism independent of surgical rearrangement of the digestive tract.
In addition to roles in intestinal fat ingestion, accumulating evidence suggests that bile acids exert important effects as hormones by activating receptors that include a G protein-coupled receptor (TGR5) and the farnesoid X receptor (FXR) (ligandactivated transcription factor) 40 . In the ileum, the activation of FXR by bile acids facilitates the secretion of fibroblast growth factor 19 (FGF19; known as FGF15 in mice), which circulates to the liver in portal blood and reduces the expression of 7a-hydroxylase to inhibit hepatic bile acid synthesis (Figure 1 ) 43 . Thus, we can hypothesize that bile acids exert beneficial effects on lipid and glucose metabolism after bariatric surgery by changing signaling pathways through related receptors. Flynn et al. 41 found that VSG was associated with increased bile acid levels in obese mice, and that the absence of FXR actually decreased the effects of VSG on bodyweight reduction and improved glucose control, showing that bile acids and FXR signaling are important for the metabolic benefits of VSG. Indeed, it has also been reported that in the absence of FXR, reduced bodyweight and improved glucose homeostasis were observed in mice 43, 44 . Similarly, a role for TGR5 in the metabolic effects of bariatric surgery is supported by findings that TGR5 deficiency can reduce the beneficial effects of VSG 45 . As aforementioned, FGF19 is a target of FXR. Recent studies have shown a role for bile acids and FGF19 in the effects associated with bariatric surgery. One study randomly assigned patients with type 2 diabetes to either RYGB or intensive medical management and followed the patients for 12 months. The study showed that RYGB increased the concentrations of bile acids and FGF19, mediating metabolic effects compared with intensive medical management independently of weight loss 46 . Similarly, larger increases in serum levels of FGF19 and bile acids were observed in patients with diabetes remission after metabolic surgery compared with those in patients with diabetes non-remission 47 . In contrast, another study found that circulating bile acids and FGF19 were unchanged in patients with type 2 diabetes, whereas glucose tolerance and insulin sensitivity improved significantly at early stages after bariatric surgery 48 . Thus, it appears that bile acids and FGF19 did not work for the beneficial effects on glucose metabolism after bariatric surgery in that study.
Furthermore, another prospective study that examined serum bile acid levels before and after surgery in morbidly obese patients undergoing bariatric surgery showed that circulating bile acids were decreased at 1 week post surgery, mildly increased at 3 months after surgery and significantly increased at 1 year post-surgery. However, a substantial increase in peptide YY and glucagon-like peptide 1 excretion and improved metabolic control could be observed as soon as 1 week after the operation, and was maintained in the following 12 months. This finding shows that increased plasma bile acids might not contribute to the rapid metabolic improvements observed shortly after weight-loss surgery 49 . Taken together, the contribution of the increased pool of circulating bile acids and related signaling pathways to the metabolic effects of bariatric surgery remains to be fully elucidated.
CROSS-TALK BETWEEN GUT MICROBIOTA AND BILE ACIDS AND ITS ROLE IN BARIATRIC SURGERY
The formation of bile acids in the liver is a complex process. Hepatic bile acid synthesis is completed through two biosynthetic pathways (classical and alternative pathways), which are initiated by 7a-hydroxylase and sterol-27-hydroxylase, respectively. 7a-Hydroxylase stimulates the 7a-hydroxylation of cholesterol, and is the crucial enzyme in the production of bile acids. In humans, the classical pathway yields two primary bile acids, cholic acid (CA) and chenodeoxycholic acid, whereas the alternative pathway chiefly produces CA. More than 75% of total bile acid production is generally produced by the former pathway. However, primary bile acids in rodents are CA and muricholic acids 35 . When they reach the gut, primary bile acids are transformed into the secondary bile acids deoxycholic acid and lithocholic acid in humans, and x-muricholic acids in rodents 35 . In addition to inducing inflammation, gut microbiota plays a key role in modulating bile acids, including their biosynthesis and biotransformation (Figure 2) . Bile acid biosynthesis consists of several enzymatic catalysis reactions. A previous study showed that the expression levels of most of those enzymes, including 7a-hydroxylase and sterol-27-hydroxylase, were decreased in livers of conventionally raised mice compared with those in germ-free mice, showing that gut microbiota can regulate the formation of bile acids through these enzymatic reactions 50 . Furthermore, after discharge into the gut, primary bile acids are modified by intestinal microbiota, including deconjugation and further transformation into secondary bile acids, such as CA to deoxycholic acid or chenodeoxycholic acid to lithocholic acid, which results in an increased chemical diversity of the bile acid pool 40 . Sayin et al. 50 showed that the distal gut was predominantly colonized by secondary bile acids and deconjugated bile acids in conventionally raised mice, whereas in germ-free mice the bile acid pool chiefly contained primary conjugated bile acids and almost no secondary bile acids. Furthermore, in the absence of bacteria, BA diversity was significantly reduced. These data showed that the BA composition is dependent on gut microbes 35 . Microbial deconjugation is catalyzed by bile salt hydrolase. Through metagenomic analysis, Jones et al. 51 found that bile salt hydrolase activity is widespread in the human intestinal microbiota. Primary deconjugated bile acids are also transformed to secondary bile acids through 7a/b-dehydroxylation carried out by microorganisms. It has been shown that 7a/b-dehydroxylation activity is present in gut bacteria, such as Clostridium spp 52 . Conversely, bile acids can directly inhibit bacterial growth as a detergent and thereby indirectly regulate the composition of gut microbes through signaling pathways, such as hormone-mediated signaling (Figure 2) 53 . This was supported by a study that showed that oral administration of CA altered the composition of gut microbiota in rats 54 . Thus, there is a close relationship between gut microbiota and bile acids.
The relative abundance of certain bacteria, such as Bacteroides and Roseburia, was significantly altered in wild-type mice after VSG compared with the effect of sham-surgery, but did not vary after surgery among FXR knockout mice, which failed to show the metabolic effects of VSG to maintain weight loss and improve glucose tolerance. These findings raise the possibility that VSG induces metabolic effects through bile acids, FXR signaling and gut microbiota 20 . Figure 2 | The relationship between the effects of bariatric surgery on the composition of bile acids and the gut microbiota. Bariatric surgery impacts bile acid enterohepatic circulation and increases bile acid levels, which might contribute to the metabolic effects after operations through signaling pathways. Furthermore, it also can change the pattern of intestinal microbiota, which can produce short-chain fatty acids, such as butyrate and propionate, and improve metabolic regulation. Gut microbiota plays a key role in modulating bile acids, including their biosynthesis and biotransformation. Conversely, bile acids can directly inhibit bacterial growth as a detergent, and can indirectly regulate the composition of gut microbes through signaling pathways. FGF19 (known as FGF15 in mice), fibroblast growth factor 19; FXR, farnesoid X receptor; GLP-1, glucagon-like peptide 1; GLP-2, glucagon-like peptide 2; PYY, peptide YY; TGR5, a G protein-coupled receptor.
In addition to increased total bile acid levels and tauro-xmuricholic acid, GB-IL induced markedly decreased levels of FXR compared with those observed in obese mice. The same study also reported that the relative abundance of Firmicutes was reduced and there was a dramatic increase in Bacteroidetes, in a manner similar to that observed after RYGB 41 . These findings suggest that bile acids can remodel the pattern of intestinal microbes, similar to that induced after bariatric surgery.
These data show that weight-loss surgery can affect the interplay between bile acids and gut microbiota, which can contribute to the metabolic effects observed after metabolic surgery.
CONCLUSIONS
The potent metabolic effects of bariatric surgery raise the possibility that patients with type 2 diabetes could be cured: the operation not only improves obesity, glucose tolerance and insulin sensitivity, but also opens a new avenue to gain insights into the etiology of metabolic disorders. Studies show that bile acid levels and gut microbiota are altered after weight-loss surgery, and might be associated with metabolic improvements. Given the close relationship and mutual effect, it is reasonable to propose that microbiota-bile acid interactions play a role in the mechanisms underlying the effects of metabolic surgery. Thus, further studies are warranted to identify which interactions contribute to the observed beneficial effects and our understanding of how they work. 
ACKNOWLEDGMENTS

DISCLOSURE
The authors declare no conflict of interest.
